Abstract− This research focuses on the basic concepts of continuum robot manipulator and control methodology. OCTARM Continuum robot manipulator is a 6 DOF serial robot manipulator. From the control point of view, robot manipulator divides into two main parts i.e. kinematics and dynamic parts. The dynamic parameters of this system are highly nonlinear. To control of this system nonlinear control methodology (computed torque controller and sliding mode controller) is introduced. Computed torque controller (CTC) is an influential nonlinear controller to certain systems which it is based on feedback linearization and computes the required arm torques using the nonlinear feedback control law. When all dynamic and physical parameters are known computed torque controller works superbly; practically a large amount of systems have uncertainties and sliding mode controller reduce this kind of limitation. Sliding mode controller (SMC) is a significant nonlinear controller under condition of partly uncertain dynamic parameters of system. This controller is used to control of highly nonlinear systems especially for robot manipulators, because this controller is a robust and stable. Comparative study between computed torque controller and sliding mode controller is introduced in this research.
I. Introduction and Background
The international organization defines the robot as "an automatically controlled, reprogrammable, multipurpose manipulator with three or more axes." The institute of robotic in The United States Of America defines the robot as "a reprogrammable, multifunctional manipulator design to move material, parts, tools, or specialized devices through various programmed motions for the performance of variety of tasks" [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] .
Robot manipulator is a collection of links that connect to each other by joints, these joints can be revolute and prismatic that revolute joint has rotary motion around an axis and prismatic joint has linear motion around an axis. Each joint provides one or more degrees of freedom (DOF). From the mechanical point of view, robot manipulator is divided into two main groups, which called; serial robot links and parallel robot links. In serial robot manipulator, links and joints is serially connected between base and final frame (endeffector). Parallel robot manipulators have many legs with some links and joints, where in these robot manipulators base frame has connected to the final frame. Most of industrial robots are serial links, which in degrees of freedom serial link robot manipulator the axis of the first three joints has a known as major axis, these axes show the position of end-effector, the axis number four to six are the minor axes that use to calculate the orientation of end-effector and the axis number seven to use to reach the avoid the difficult conditions (e.g., surgical robot and space robot manipulator). Kinematics is an important subject to find the relationship between rigid bodies (e.g., position and orientation) and end-effector in robot manipulator. The mentioned topic is very important to describe the three areas in robot manipulator: practical application such as trajectory planning, essential prerequisite for some dynamic description such as Newton's equation for motion of point mass, and control purposed therefore kinematics play important role to design accurate controller for robot manipulators. Robot manipulator kinematics is divided into two main groups: forward kinematics and inverse kinematics where forward kinematics is used to calculate the position and orientation of end-effector with given joint parameters (e.g., joint angles and joint displacement) and the activated position and orientation of end-effector calculate the joint variables in Inverse Kinematics [6] . Dynamic modeling of robot manipulators is used to describe the behavior of robot manipulator such as linear or nonlinear dynamic behavior, design of model based controller such as pure sliding mode controller and pure computed torque controller which design these controllers are based on nonlinear dynamic equations, and for simulation. The dynamic modeling describes the relationship between joint motion, velocity, and accelerations to force/torque or current/voltage and also it can be used to describe the particular dynamic effects (e.g., inertia, coriolios, centrifugal, and the other Controller is a device which can sense information from linear or nonlinear system (e.g., robot manipulator) to improve the systems performance . The main targets in designing control systems are stability, good disturbance rejection, and small tracking error [50] [51] [52] [53] [54] [55] . Several industrial robot manipulators are controlled by linear methodologies (e.g., Proportional-Derivative (PD) controller, Proportional-Integral (PI) controller or Proportional-Integral-Derivative (PID) controller), but when robot manipulator works with various payloads and have uncertainty in dynamic models this technique has limitations. In some applications robot manipulators are used in an unknown and unstructured environment, therefore strong mathematical tools used in new control methodologies to design nonlinear robust controller with an acceptable performance (e.g., minimum error, good trajectory, disturbance rejection). Sliding mode controller and computed torque controller are influential nonlinear controllers to certain and uncertain systems which they work based on system's dynamic model. Sliding mode controller is a powerful nonlinear robust controller under condition of partly uncertain dynamic parameters of system [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . This controller is used to control of highly nonlinear systems especially for robot manipulators. Chattering phenomenon and nonlinear equivalent dynamic formulation in uncertain dynamic parameter are two main drawbacks in pure sliding mode controller [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . The chattering phenomenon problem in pure sliding mode controller is reduced by using linear saturation boundary layer function but prove the stability is very difficult. The nonlinear equivalent dynamic formulation problem in uncertain system is solved by using intelligent theorem . Computed torque controller (CTC) is a powerful nonlinear controller which it widely used in control of robot manipulator. It is based on feedback linearization and computes the required arm torques using the nonlinear feedback control law. This controller works very well when all dynamic and physical parameters are known but when the robot manipulator has variation in dynamic parameters, in this situation the controller has no acceptable performance [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . In practice, most of physical systems (e.g., robot manipulators) parameters are unknown or time variant, therefore, computed torque like controller used to compensate dynamic equation of robot manipulator [1] [2] [3] [4] [5] [6] . Research on computed torque controller is significantly growing on robot manipulator application which has been reported in [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . This paper is organized as follows; second part focuses on the modeling dynamic formulation based on Lagrange methodology. Third part is focused on the design sliding mode controller and computed torque controller which can be used to reduce the error, increase the performance quality and increase the robustness and stability. Simulation result and discussion is illustrated in forth part which based on trajectory following and disturbance rejection. The last part focuses on the conclusion and compare between this method and the other ones.
II. Theory

Dynamic Formulation of Continuum Robot:
The Continuum section analytical model developed here consists of three modules stacked together in series. In general, the model will be a more precise replication of the behavior of a continuum arm with a greater of modules included in series. However, we will show that three modules effectively represent the dynamic behavior of the hardware, so more complex models are not motivated. Thus, the constant curvature bend exhibited by the section is incorporated inherently within the model. The model resulting from the application of Lagrange's equations of motion obtained for this system can be represented in the form
where τ is a vector of input forces and q is a vector of generalized co-ordinates. The force coefficient matrix F coeff transforms the input forces to the generalized forces and torques in the system. The inertia matrix, D is composed of four block matrices. The block matrices that correspond to pure linear accelerations and pure angular accelerations in the system (on the top left and on the bottom right) are symmetric. The matrix C contains coefficients of the first order derivatives of the generalized co-ordinates. Since the system is nonlinear, many elements of C contain first order derivatives of the generalized co-ordinates. The remaining terms in the dynamic equations resulting from gravitational potential energies and spring energies are collected in the matrix G. The coefficient matrices of the dynamic equations are given below, 
III. Methodology
SLIDING MODE CONTROLLER:
One of the significant challenges in control algorithms is a linear behavior controller design for nonlinear systems. When system works with various parameters and hard nonlinearities this technique is very useful in order to be implemented easily but it has some limitations such as working near the system operating point [2] . Some of robot manipulators which work in industrial processes are controlled by linear PID controllers, but the design of linear controller for robot manipulators is extremely difficult because they are nonlinear, uncertain and MIMO . To reduce above challenges the nonlinear robust controllers is used to systems control. One of the powerful nonlinear robust controllers is sliding mode controller (SMC), although this controller has been analyzed by many researchers but the first proposed was in the 1950 [7] .This controller is used in wide range areas such as in robotics, in control process, in aerospace applications and in power converters because it has an acceptable control performance and solve some main challenging topics in control such as resistivity to the external disturbance. the lyapunov formulation can be written as follows,
The derivation of can be determined as,
The dynamic equation of robot manipulator can be written based on the sliding surface as
It is assumed that
by substituting (8) in (7)
Suppose the control input is written as follows
by replacing the equation (11) in (10) ̇= (̇+
It is obvious that
The Lemma equation in robot manipulator system can be written as follows
The equation (14) can be written as
Therefore, it can be shown that
Based on above discussion, the control law for a multi degrees of freedom robot manipulator is written as:
Where, the model-based component is the nominal dynamics of systems and can be calculate as follows:
and is computed as;
by replace the formulation (9) in (7) the control output can be written as;
By (10) and (8) the sliding mode control of robot manipulator is calculated as; 
With
Then compute the required arm torques using inverse of equation (25), is;
This is a nonlinear feedback control law that guarantees tracking of desired trajectory. Selecting proportional-plus-derivative (PD) feedback for U(t) results in the PD-computed torque controller [6] ;
and the resulting linear error dynamics are
According to the linear system theory, convergence of the tracking error to zero is guaranteed [6] . Where and are the controller gains.
IV. Result and Discussion
PD-computed torque controller (CTC) and PD sliding mode controller (SMC) were tested to step and ramp responses. In this simulation, to control position of continuum robot manipulator the first, second, and third joints are moved from home to final position without and with external disturbance. The simulation was implemented in MATLAB/SIMULINK environment. Quality Factor Parameters of Control systems; trajectory performance, torque performance, disturbance rejection, steady state error and RMS error are compared in these controllers. These systems are tested by band limited white noise with a predefined 10%, 20% and 40% of relative to the input signal amplitude. This type of noise is used to external disturbance in continuous and hybrid systems and applied to nonlinear dynamic of these controllers.
Tracking performances: based on formulation of computed torque controller; the performance of this controller is depended on the PD ( ) coefficients. These two coefficients step and ramp CTC are = 30 = 4 and computed by trial and error. Tables 1 and 2 shows the different coefficient gain in computed torque controller. (See table 1 and  table 2) Based on these tables, the different PD coefficient gain has the different errors therefore minimum error played important role to select the = 30 = 4.
Based on sliding mode controller formulation with switching function; the performance is depended on the gain updating factor ( ) and sliding surface slope coefficient ( ). These two coefficients are computed by trial and error based on Tables 3 and 4. (See table 3 and  table 4) Based on Table 3 and 4, in this research for step inputs 1 = 3 2 = 3 = 6; 1 = 2 = 3 = 30 and for ramp inputs 1 = 2 = 15 3 = 10; 1 = 2 = 3 = 5. Based on sliding mode controller formulation with saturation function (boundary layer); the performance is depended on the gain updating factor ( ), sliding surface slope coefficient ( ) and boundary layer saturation coefficient (∅). These three coefficients are computed by trial and error based on Tables 5 and 6.  (see table 5 and table 6) In this research based on Tables 5 and 6, for In Figure 2 , all three controllers were tested for ramp trajectory. In this test, all three joints were required to move from home position (0) to a final position (+10) in 3.3 seconds. On reaching the final position the manipulator is stayed in another 26.7 seconds. This kind of trajectory is used to test the trajectory performance of these controllers. Based on chattering phenomenon challenge in pure sliding mode controller with switching function, it is found fairly fluctuations in trajectory responses. Based on Figure 1 and 2, step and ramp trajectory performances are used for comparisons of above controllers in certain systems. In this state CTC and SMC with saturation function has an acceptable trajectory performance but SMC with switching function has oscillation. Figures 3 to 8 show the power disturbance elimination in CTC, SMC with switching function and SMC with boundary layer without disturbance for two type trajectories. The disturbance rejection is used to test the robustness comparisons of these three controllers for ramp and step trajectories. A band limited white noise with predefined of 10%, 20% and 40% the power of input signal is applied to the step and ramp trajectories. It found fairly fluctuations in trajectory responses. ) and SMC with switching function's (Steady State error ≅ − . and RMS error=0. 652). Based on Figure 3 , SMC with switching function and CTC has oscillation in trajectory response with regard to 10% of the input signal disturbance but SMC with saturation function's trajectory is more robust. In Figure 4 , all three controllers were tested for ramp trajectory. In this test, all three joints were required to move from home position (0) to a final position (+10) and RMS error=0. 7). Based on Figure 5 , however three controllers have oscillation in trajectory response with regard to 20% of the input amplitude signal disturbance but SMC with saturation function's trajectory is more robust.
Disturbance rejection:
In Figure 6 , all three controllers were tested for ramp trajectory. In this test, all three joints were required to move from home position (0) to a final position (+10) in 3.3 seconds in presence of 20% disturbance of input signal amplitude. On reaching the final position the manipulator is stayed in another 26.7 seconds. This kind of trajectory is used to test the robust performance of these controllers. Pure sliding mode controller with switching function and CTC has fairly large fluctuations in trajectory responses but boundary layer SMC has relatively small oscillations. Based on Figures 5 and 6 , step and ramp trajectory performances are used for comparisons of above controllers in presence of uncertainties with 20% of input signal amplitude. In this state boundary layer SMC has relatively small oscillations but it is more robust than CTC and SMC with switching function. In Figure 8 , all three controllers were tested for ramp trajectory. In this test, all three joints were required to move from home position (0) to a final position (+10) in 3.3 seconds in presence of 40% disturbance of input signal amplitude. On reaching the final position the manipulator is stayed in another 26.7 seconds. This kind of trajectory is used to test the robust performance of these controllers. All these three controllers have fairly large oscillation with regard to the external disturbance. Based on Figures 7 and 8 , step and ramp trajectory performances are used for comparisons of above controllers in presence of uncertainties with 40% of input signal amplitude. In this state however boundary layer SMC has relatively moderate oscillations but it is more robust than CTC and SMC with switching function. From the disturbance rejection for boundary layer SMC, SMC with switching function and CTC in presence of disturbance, it was seen that however boundary layer SMC performance is better than SMC with switching function and CTC but it has a limitation against to highly external disturbance. Figures 9 to 12 show the error performance without disturbance and in presence of disturbance in CTC, SMC with switching function and SMC with boundary layer without disturbance for two type trajectories. The error performance is used to test the disturbance effect comparisons of these three controllers for ramp and step trajectories. A band limited white noise with predefined of 40% the power of input signal is applied to the step and ramp trajectories. It found fairly fluctuations in error responses. Figure 9 shows error performance for first three links of continuum robot manipulator in CTC, SMC with switching function and SMC with boundary layer without disturbance for step trajectory. Based on Figure  1 , all three joint's inputs are step function with the same step time (step time= 1 second), the same initial value Figure 11 shows steady state and RMS error performance for first three links of continuum robot manipulator in CTC, SMC with switching function and SMC with boundary layer without any disturbance for ramp trajectory. In Figure 11 , all three controllers were tested for ramp trajectory. In this test, all three joints were required to move from home position (0) to a final position (+10) in 3.3 seconds. On reaching the final position the manipulator is stayed in another 26.7 seconds. Based on Figure 11 , CTC and SMC with boundary layer has acceptable performance in certain system without any disturbance but SMC with switching function has fairly oscillation in this state. Figure 12 shows steady state and RMS error performance for first three links of continuum robot manipulator in CTC, SMC with switching function and SMC with boundary layer with 40% disturbance for ramp trajectory. In Figure 14 , all three controllers were tested for ramp trajectory. In this test, all three joints were required to move from home position (0) to a final position (+10) in 3.3 seconds. On reaching the final position the manipulator is stayed in another 26.7 seconds. Based on Figure 12 , in presence of 40% disturbance however all of three controllers have oscillation but SMC with boundary layer has better performance compared to CTC and SMC with switching function. This is mainly because SMC with saturation function is more robust than CTC and SMC with switching function. this research. Chattering phenomenon is caused to the hitting in driver and mechanical parts therefore reduce the chattering is very important in this research. To reduce the chattering this research is focused on function instead of ℎ function. Figure 13 shows the power of boundary layer (saturation) method to reduce the chattering in sliding mode controller. 
Steady state and RMS error:
V. Conclusion
Refer to this research, a comparative study between position sliding mode controller and computed torque controller is proposed for OCTARM continuum robot manipulator. The first problem of the pure sliding mode controller with switching function was chattering phenomenon in certain and partly uncertain systems. The chattering phenomenon problem can be reduced in certain system by using linear saturation boundary layer function in sliding mode control law. The simulation results exhibit that the sliding mode controller with saturation function works well in certain and partly uncertain system. Computed torque controller is another type of nonlinear controller. This controller is worked based on feedback control law and compute the required torque arm based on equivalent part. This methodology is based on applied nonlinear dynamic formulation in linear behaviour part to estimate nonlinear term parameters. The results demonstrate that the sliding mode controller with saturation function is a model-based controllers which works well in certain and partly uncertain system but computed torque controller is an essential controller for certain nonlinear plant.
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